The potential use of high resolution collimators with standard radiographic detectors in place of conventional gamma cameras for high resolution microscintigraphy is presented. Polycapillary multiple hole collimators are shown to provide 10-100 micron scale spatial resolution. A series of images from arrays of 125 I brachytherapy seeds in Lucite phantoms display resolution better than 0.1 mm with good sensitivity and a 30 mm field of view. In addition to application to brachytherapy seed localization, such "cellular" level resolution is necessary for high-resolution in vivo imaging in mouse models. The system could also enable the use of a wider variety of isotopes, including much lower photon energy isotopes in nuclear medicine, as the high resolution collimator allows more flexibility in detector constraints.
I brachytherapy seeds in Lucite phantoms display resolution better than 0.1 mm with good sensitivity and a 30 mm field of view. In addition to application to brachytherapy seed localization, such "cellular" level resolution is necessary for high-resolution in vivo imaging in mouse models. The system could also enable the use of a wider variety of isotopes, including much lower photon energy isotopes in nuclear medicine, as the high resolution collimator allows more flexibility in detector constraints. © 2009 American Association of Physicists in Medicine. ͓DOI: 10.1118/1.3056478͔
I. INTRODUCTION
Unlike external beam radiography, collimators are required for nuclear imaging, as shown in Fig. 1͑a͒ . In conventional nuclear imaging, collimators are paired with energy-sensitive detectors as a means of discriminating against scatter. 1 Energy discrimination is required because only a small fraction of the photons from the radioactive source are transmitted through the collimator. The majority of the radiation is scattered by the surrounding tissue to create a broad source with approximately the same total intensity, as shown in Fig. 1͑b͒ . Although imaging can be accomplished for thin objects, 2 scatter tends to dominate for thicker structures. Since the scattered radiation is at lower photon energy, energy discrimination can be used to distinguish against the scatter. However, energy sensitive detectors tend to have relatively low spatial resolution compared to radiographic detectors. 4 High magnifications are required with small pinhole collimators to provide sub-millimeter spatial resolution for small animal imaging. 5 Considerable research is currently directed towards producing collimators and ␥-cameras for high resolution studies and brachytherapy seed localization. 6, 7 In addition to limiting spatial resolution, the use of energy discrimination constrains the radioactive isotopes employed in nuclear medicine to those whose photon energies are sufficiently high to allow for discrimination against Compton scattering. 8 In this work, a different mechanism was used to discriminate against scatter and provide high resolution. A very large number of pixels was used to image radioactive source distributions. A similar technique was demonstrated by Duan, 9 although at relatively low resolution and with high-energy photons. Because the radiation was concentrated in small "hot" spots, the primary signal from the source was imaged on a small number of pixels, and the count rate per pixel receiving primary signal was relatively high. The scatter was approximately uniformly distributed over all the pixels, so the count rate per pixel was much lower for those pixels. For introductory purposes, a hypothetical measurement in the geometry of Fig. 1͑b͒ , for example, could be considered to be resolved into an 8 ϫ 8 array of pixels. If the radioactive hot spots are distributed over a 4 ϫ 4 central part of the array, then the direct counts from these spots are divided into 16 pixels. The counts from the scatter are divided into 64 pixels, so that the scatter count rate is 1 / 4 that of the signal. This is probably insufficient scatter discrimination ͑and, hence, normal energy discrimination would be required͒.
In addition, the distribution of radiation within the hot region may not be uniform, but could contain features that are unobservable because of the poor resolution. These features could be, e.g., the small beads inside brachytherapy seeds or functional features within an organ. If the 8 ϫ 8 pixel array of Fig. 2 could be replaced by an 800ϫ 800 array, these small features might be observed.
The large number of small pixels, in addition to improving resolution, can also give a reduction in scatter background. If, in this hypothetical example, the radioactive features cover one fifth of the original central quarter, as shown in Fig. 2 , then only one twentieth of the original area receives direct signal counts. Assuming equal emission rates, the signal count rate per pixel would be 20 times higher than the scatter count rate per pixel even in the absence of energy discrimination. If the radiation is uniformly distributed, no scatter benefit is seen in decreasing pixel size. In some cases, however, it is expected that high resolution will reveal small features in the radiation distribution, for example functional units within an organ, or features within brachytherapy seeds.
Because energy sensitivity is no longer required, a wide range of radiographic detectors with high resolution could be employed. It should be noted that this application differs from the use of radiographic detectors in autoradiography, e.g., for tagged gels or sacrificed mouse organs, in that autoradiography is limited to thin objects for which the detector can be placed in close proximity to the entire sample volume, as shown for the dashed line in Fig. 1͑a͒ . Collimatorless autoradiography is not possible for thick objects such as mice, because the spatial information is lost due to geometrical blur and scattering.
Microscintigraphy with high resolution collimators and radiographic detectors would allow the use of lower photon energy isotopes, because the requirement for energy discrimination has been removed. Of course, very low energy ␥ rays are subject to greater absorption by tissue, and so isotopes emitting low energy ␥ rays would need to be within a few centimeters of the surface. A disadvantage of this technique is that it is not compatible with multi-energy techniques where discrimination between different isotopes is desired. In addition, the signal count rate per pixel would be reduced by increasing the number of pixels, so, as for any high resolution imaging, the pixels should generally not be much smaller than the desired feature resolution in order to keep count times as low as possible.
The effective use of high-resolution detectors with large numbers of small pixels requires very high-resolution collimators. If the collimator resolution is poorer than the detector resolution, then small features become blurred over several pixels on the detector, and the scatter rejection benefit of the small pixels is lost. As for conventional microscintigraphy, small pinhole collimators could be used to provide the necessary high resolution. Conventionally, for pinhole collimators, high resolution is obtained with high magnification. However, if radiographic detectors are to be employed, the magnification is limited by the ratio of the detector size to the object field of view. For example, with a 300 mm radiographic detector, and an FOV of 30 mm for a mouse model, the magnification is limited to 10ϫ. For high resolution, a small pinhole would be required, which would result in lowered count rate, since the sensitivity is proportional to the square of the ratio of pinhole radius to the field of view. 10 Multiple hole collimators ͑which can be parallel or converging͒ can provide large fields of view without sacrificing resolution. One potential collimator with large numbers of holes of small diameter is a polycapillary array, as shown in Fig. 3 . The holes in polycapillary arrays are in the range of 2-50 m in diameter, depending on the application. The polycapillary array can be either straight or tapered ͑converg-ing͒. For polycapillary arrays, the walls of the holes, the septa, are reflective. X rays striking the interior of these collimators at grazing incidence are guided along the hole by total external reflection in a process similar to the way fiber optics guide light. An x ray is reflected from the smooth surface by total reflection if the grazing angle of incidence, , is less than the critical angle, c . The critical angle is inversely dependent on photon energy, and is approximately 1.6 mrad, or 0.09°, for lead glass at 27 keV. [11] [12] [13] [14] The resulting high angular selectivity of tapered polycapillary arrays has been previously demonstrated to produce extremely efficient scatter rejection when used as grids in mammographic and other radiographic geometries. [15] [16] [17] The small hole size has also been demonstrated in earlier preliminary measurements to give high spatial resolution in measurement of radioactive sources. [18] [19] [20] FIG. 1. ͑a͒ Collimators are used in nuclear medicine because without them, the image at the detector plane is a set of overlapping blurs, with no spatial information. An exception is the case when the detector can be placed in close proximity to the radiation, for example at the dashed line for a nopatient application, as in autoradiography of tagged gels. ͑b͒ Radiographic detectors are not normally used in nuclear medicine because their failure to discriminate against scatter results in little spatial information in the image. In this work, detailed measurements were compared to calculations of resolution, Compton scatter background, penetration, and sensitivities for a high-resolution polycapillary parallel hole collimator coupled with a simple radiographic detector. The principal purpose of this work was to demonstrate the feasibility of the novel mechanism of highresolution collimators used with non-energy-sensitive detectors to reject scatter, and to assess the potential of polycapillary arrays as high-resolution collimators. Prior to this feasibility demonstration and assessment it was considered premature to implement a fully optimized imaging system, so no effort was made to optimize the detector. Numerous choices of radiographic detectors which could be coupled to the collimator are commercially available and have been well-characterized. An ideal detector for this system would have smaller pixels and higher sensitivity than the radiography plates that were chosen for convenience. Future work plans include the testing of a more optimized detector system and performing a direct comparison with conventional ␥ cameras. However, that comparison is complicated by the fact that the new and conventional systems are designed for a non-overlapping range of ␥ photon energies, and so would require different isotopes.
II. METHODS

II.A. Polycapillary parallel hole collimator
A schematic representation of the polycapillary collimator used in this work is shown in Fig. 4 . Trials were made with single 125 I brachytherapy seeds for a number of different collimators of varying length, diameter, and composition. All the measurements showed the same well-defined seed images. Based on these encouraging results, a 250 mm long, 13 mm wide glass bundle was fabricated containing approximately 30% lead oxide by weight with 30 m channels and about 72% open area. The hole diameter was chosen because, although the collimator resolution depends on hole size, the system resolution is the sum in quadrature of the detector resolution and the collimator resolution. 21 For the present imaging experiments, a Fuji computed radiography plate detector with a pixel size of 50 m was employed and, so, much smaller collimator hole diameters would not dramatically improve the system resolution.
A 35 mm long piece of this bundle showed well-defined seed images, whereas a 10 mm long piece gave less welldefined images due to septal penetration. The penetration could have been reduced by decreasing the fractional open area, f, as discussed in Sec. III C, however, this would have required drawing new glass. Instead, the collimator length was increased to 20 mm. Finally, a larger area collimator was constructed by gluing ten 20-mm-long pieces together with an adhesive containing tungsten oxide powder in order to block x rays from going between the sections. A photograph of this collimator is shown in the inset of Fig. 4 . Because a better collimator than this proof of principle device should have thicker septa, i.e., lower open area, to provide adequate stopping power, the penetration will create additional background in the image. 
II.B. Intensity measurements and calculations with 125 I radioactive seeds
A plastic block enclosing several spent 125 I radioactive brachytherapy sources was placed at a distance z from the collimator, as shown in Fig. 4 . The seeds were small titanium capsules, 0.8 mm in diameter and 3.0 mm long. These were placed in 0.8 mm triangular grooves machined 3 mm apart in a 25 mmϫ 25 mm, 3 mm thick Lucite square. A second, ungrooved 25 mmϫ 25 mmϫ 3 mm Lucite square was placed over the top and the assembly was sealed by wrapping it with thin plastic tape. The seed holder was then placed over the collimator. The seeds and collimator were placed on a 25 mmϫ 25 mm hole in a thin lead sheet to block x rays going around the collimator, and then on the image plate. The 125 I spectrum and intensity were measured with a large area, non-imaging, high purity Germanium detector ͑HPGe, Canberra Industries͒ with and without the collimator at two different source-to-detector positions and two different detector areas.
II.C. Image resolution
In order to examine the feasibility of performing scintigraphy with an imaging detector and a high resolution polycapillary collimator, a Fujifilm 5200 computed radiography plate was utilized to image the 125 I brachytherapy seeds. A schematic diagram of the experimental setup is shown in Fig.  4 . The sensitivity of the radiography plates is suboptimal for the 27 keV x rays emitted from the 125 I seeds, however it serves to demonstrate the feasibility of performing imaging measurements without an energy-sensitive gamma camera.
Resolution for the images was estimated by plotting intensity profiles through features in the image using Fuji Image Gauge software. Two methods were used to estimate the resolution. First, the full width at half maximum of the derivative of the intensity profile through a seed was taken as the resolution of the image. This overestimates the size, as the true intensity profile is not a step function. However, as the measured resolution was limited by the pixel size of the detector, inserting a lead slit would not have significantly reduced the measured resolution, and would have required aligning the slit to the sub-millimeter radiation source within a single bead. Second, to account for the actual intensity profile, a simulated intensity profile was generated proportional to the depth through a bead of diameter D,
were x o is the location of the center of the bead. The intensity profile was then convoluted with a Gaussian profile,
The bead diameter, bead separation, and resolution width, , were taken as fitting parameters. In all cases, the two techniques agreed to within experimental error, and were approximately equal to the resolution imposed by the detector pixel size.
II.D. Image signal-to-background
The measured signal to background ratio ͑SBR͒, when observed with the imaging detector, is the ratio of the intensity per pixel for primary and background radiation
The measured SBR was determined by extracting intensity profiles from the measured images. Since the peak measured intensity includes both primary and background, the signalto-background ratio was then taken as
where I peak was the peak intensity and I adjacent was the intensity in adjacent pixels.
III. THEORETICAL DEVELOPMENT III.A. Polycapillary resolution
For an ideal conventional parallel hole collimator, the object resolution, the average size at the object, would be given, as shown in Fig. 5͑a͒ , by the standard formula 21, 22 
where d is the diameter of the hole, z is the object to collimator distance, L e is the effective length of the collimator,
and is the attenuation coefficient. However, for polycapillary collimators, the glass wall of the channel, i.e., the septal material between the holes, is reflective. Paths like those sketched in Fig. 5͑b͒ are possible so long as the angle of incidence, , is less than the critical angle c . The resolution becomes
The factor of 1.5 is an empirical function of photon energy, derived from studies of focal spot sizes for focusing polycapillary optics. [11] [12] [13] Because of waviness of the glass surface, actual paths within the channels are typically more complex than that shown in Fig. 5 . [11] [12] [13] 26 The factor would be closer to 2 if all rays were reflected perfectly up to the critical angle; in reality the reflectivity is reduced for angles approaching the critical angle due to non-zero absorption in the glass. 13 For the collimator in this work, d = 0.03 mm, and the critical angle is approximately 1.6 mrad ͑ϳ0.09°͒. Thus for L less than about 18 mm, the resolution will be limited by the conventional formula Eq. ͑5͒; for longer polycapillary collimators the resolution is given by Eq. ͑7͒. For the collimator in this work L Ͼ 18 mm, so that, e.g., for z = 30 mm, the expected resolution is 100 m. Without the reflection from the walls, the resolution would be 75 m from a 20 mm long, 30 m diameter conventional collimator, were it possible to make such a device. Because the object resolution is determined by the critical angle for reflection for the polycapillaries, the resolution is independent of the detectorto-collimator distance. The larger acceptance angle of the polycapillaries also leads to higher sensitivity compared to a conventional collimator with the same dimensions.
For a parallel hole collimator, the field of view ͑FOV͒ is determined by the area spanned by the collimator array, which is proportional to the number of elements in the array, and independent of resolution.
III.B. Sensitivity
The geometric point sensitivity of a parallel hole collimator is the product of two factors: a solid angle factor, and an area fill factor, f. 22 The solid angle factor depends on the acceptance angle, ␣, which, for an ideal conventional parallel hole collimator, is given by
as shown in Fig. 6 . If a ray emitted from a source lying on the centerline of the collimator is to fall on the collimator at an angle less than the acceptance angle ␣, the ray must hit the collimator within a radius V of the centerline,
The solid angle factor, the fraction of the full 4 emission that is within the acceptance angle ␣ for some hole, is thus
͑10͒
As usual, the solid angle and, therefore, sensitivity, does not depend on the object-to-collimator distance, z. This solid angle factor is reduced by the fraction, f, of the front face of the collimator which is open,
where t is the distance between holes, i.e., the septa thickness, and K is a geometric factor depending on the shape of the holes, approximately equal to 1 / 4. When t Ӷ d, as is usually the case for polycapillary arrays,
Taking the product of the solid angle fraction and the open area, the total geometric sensitivity is
Since both resolution and sensitivity depend on d and L, the sensitivity depends on resolution, R,
For long polycapillary collimators, for which d / L is less than the critical angle, the acceptance angle ␣ is approximately equal to c , and so the sensitivity,
is independent of resolution. Thus, for small d / L, i.e., very high resolution collimators, the sensitivity for a polycapillary collimator is larger than for a conventional parallel hole collimator. If it were possible to manufacture a conventional collimator with the same d / L ͑e.g., d / L = 0.001 for d =30 m and L =30 mm͒, the conventional collimator resolution and sensitivity would both be smaller than for the polycapillary, because the conventional collimator does not pass rays with angles greater than d / L, while the polycapillary passes angles up to the critical angle. Of course, a lower resolution collimator will have even better sensitivity, so the collimator should match the desired resolution. For the polycapillary collimator used in this work, the geometrical fractional open area, f, was 0.72. For long polycapillary collimators, the effective fractional open area, f effec , may be less than the geometric value if the collimator is very slightly bent, or if waviness or surface roughness on the septa causes rays incident at less than the critical angle not to be totally reflected. In addition, even below the critical angle, the reflectivity of the surface is somewhat less than unity for angles close to the critical angle, or for materials with nonzero absorption coefficient.
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III.C. Septa penetration
The background in imaging measurements with a polycapillary collimator and a radiography detector will have two components: Compton scatter that is not sufficiently "diluted" by large number of pixels; and septa penetration. Parallel hole collimators are conventionally designed so that the minimum path length in the septa gives adequate stopping power. The minimum path length, w, is generally drawn as passing through a single wall of thickness t on a path that also crosses two holes. 10 This gives
͑16͒
where the last approximation was made by substituting from Eq. ͑12͒ for small septa width, small t / d. Thus, the penetration ␤ depends exponentially on the length and 1 − f, the fractional open area. For example, for the 140 keV photons commonly used in conventional imaging, the absorption length, −1 , for lead is 0.4 mm. If a typical conventional LEHR-like collimator with d ϳ 1.8 mm and t ϳ 0.3 mm has a hole length of L = 32 mm, that gives the usual value of ␤ LEHR = e −w Ϸ 0.005. For this work the photon energy was 27 keV, and the polycapillary collimator was manufactured of borosilicate glass with approximately 30% PbO content by weight, so that the absorption length was also about 0.4-0.5 mm, depending on the exact concentration and density. 23, 24 The geometry for the septa of the polycapillary collimator is complex, as the holes are rounded hexagons alternating with small circles, as shown in Fig. 3 . To provide an estimate of the required collimator length, rather than using the minimum path length approximations, the penetration for a pencil beam input was measured 25 for polycapillary collimators containing 0% and approximately 30% PbO using an external x-ray source and energy resolving photon counting detector, as shown in Fig. 7 . The results, also shown in Fig. 7 , agreed with the previously derived 26 relationship
where LЈ is the path length through the collimator. The penetration rises quickly with fractional open area. If the fractional open area, f, changes from 0.7 to 0.5, the sensitivity drops linearly, by 30%, but the penetration drops exponentially, according to Eq. ͑17͒, by a factor of 150. For measurements at small angles to the optic axis, LЈ ϳ L so that
III.D. Intensity calculation
From simple geometry similar to that of Eq. ͑10͒, in the absence of a collimator, the count rate C o through an aperture of radius r due to N sources each with emission rate of F counts/s is
where y is the source-to-detector distance. Experimentally,
where y meas is measured from the seed plane to the outer edge of the detector case, and y D is the distance from the edge of the case to the actual sensitive area of the detector. The distance y D was calculated by fitting Eq. ͑19͒ to the measured data. The primary count rate through the collimator will be 
where the sensitivity S was substituted from Eq. ͑13͒, ␣ is the acceptance angle, and f effec is the effective fractional open area of the collimator. In addition, the detector will collect penetrating radiation,
so that the total count rate with the collimator will be
͑23͒
The penetration was assumed to be dominated by rays which pass through the collimator with a path length LЈ ϳ L, so that ␤ ϳ ␤ o . Due to uncertainties in the exact composition, geometry, density and wall thickness of the glass, a linear fit to the data was taken to determine f effec and ␤ o .
III.E. Image signal
The calculated primary count rate on a single pixel aligned with a single bead is the total primary count rate, C primary , divided by the total number of pixels aligned with beads,
where the exponential factor is used to account for the attenuation of the primary rays by some intervening tissue or other material of thickness ⌳ and attenuation coefficient tot Ј , N is the number of beads, and B is the number of pixels per bead,
where P is the pixel dimension, 0.05 mm for this work, and DЈ is the effective diameter of the bead projected onto the detector plane,
in which D is the actual bead diameter, as shown in Fig. 4 and ⌬D is given by
where L e is the effective collimator length, h is the height of the detector above the collimator, and z is the distance of the seed plane from the collimator, as shown in Fig. 4 . For a long polycapillary collimator, the blur does not increase within the hole as the ray reflects along it, as shown in Fig. 5͑b͒ , so the blur becomes
For the 0.6 mm diameter beads, B is approximately 100-150 pixels per bead ͑depending on the distances͒. Substituting C primary from Eq. ͑21͒,
Because nuclear medicine imaging is count rate limited, a significant contribution to image noise is Poisson statistics,
͑30͒
where I is the measured number of counts in a particular pixel and counting interval. In this study, working with seeds of markedly different strengths, the counting intervals were adjusted to make the noise contribution much smaller than the background due to septal penetration. For real imaging conditions, as previously noted, the pixel size must be large enough that sufficient count rate is achieved to maintain high signal-to-noise levels for reasonable counting intervals. Practically, this means that the pixel size should not be smaller than the fine scale structure.
III.F. Image background due to septa penetration
The background has two components
The penetration intensity is different for different image pixels, depending on the distance y m between the pixel and the mth seed, as shown in Fig. 4 . From simple geometry, and in analogy to Eqs. ͑19͒ and ͑22͒, the penetration intensity per pixel due to the mth neighboring bead is
where F is the flux per bead, P the pixel size, and the last factor takes into account absorption by intervening material. From Fig. 4 , the distance y m is
where x m is the transverse distance. If the distance y o is the distance from the pixel to the seed it is aligned with
then the distance L m Ј within the collimator is seen from Fig. 4 to be
The penetration ␤ m is given by Eq. ͑17͒ to be 
Thus, the expected total penetration intensity for the pixel is
Sum,
͑37͒
The transverse distances x m from the aligned pixel to the 54 other beads that were used to calculate y m were estimated from the images. Because the sum decreases with increasing source to collimator distance, the signal to background ratio should increase as the collimator is moved away from the source.
III.G. Image background due to scattering
If the scatter flux is uniform, as would be the case if there is a high degree of multiple scattering, then the background due to scattering is equal to the total scatter flux F scatter , spread over the entire image,
where the sensitivity, S, was given in Eq. ͑13͒ and ⌸ is the total number of pixels. The assumption of uniform scatter flux was partially justified by the uniform appearance of the images outside of the source regions. The total scatter flux is not known. To estimate the scatter flux for comparison with experiment, it was assumed that
where ⌳ is the thickness of the scattering material, including the glass of the collimator, a is the photoelectric absorption coefficient, and
To give a quick example, for equal primary and scatter source fluxes, the signal to background for scattering alone is SBR scatter = ⌸ NB ͑special example in the case of equal fluxes͒,
͑41͒
where NB is the number of pixels in the image of the source. For this work, the collimator covered an area of 30 mm ϫ 30 mm, or 360 000 pixels. The source consisted of N =55 beads, so NB was about 6000-7000 depending on distances.
Thus the signal-to-background ratio ͑SBR͒ due to scatter would be about 360 000/ 6500ϳ 55. This scatter "rejection" occurs even though no energy discrimination was used. The majority of the background for this collimator was due to septa penetration.
IV. RESULTS
IV.A. Intensity measurements
The count rate from the radioactive seed array was measured as in Fig. 4 with a large area non-imaging HpGe detector, for two different source-to-detector distances and detection radii, r, as shown in Table I . Rearranging Eq. ͑19͒ as
the source to detector distance, z, is expected to be linear in r / ͑C o ͒ 1/2 . There is reasonable agreement between the intercept value of the linear fit to the data, −13Ϯ 1 mm, and the nominal manufacturer specification depth of the detector, y D = 15 mm. The slope gives the total radioactive source flux, NF = ͑1.59Ϯ 0.01͒ ϫ 10 6 photons/ s, or 0.04 mCi, as the seeds had become very weak.
The count rate was then measured in the same geometry, with the collimator inserted between the source and detector, close to the detector. These results are listed in Table II . The measured count rate is plotted versus NFr 2 / 4y 2 , the quantity in the parenthesis in Eq. ͑23͒, in Fig. 8 . The slope gives the penetration fraction ␤ o = ͑2.8Ϯ 0.2͒ ϫ 10 −5 . The intercept is proportional to the effective fractional open area, so that f e is 0.25Ϯ 0.08. 
IV.B. Seed images
Using the setup shown in Fig. 4 , a number of exposures of the entire distributed seed source were made. A resulting image is shown in Fig. 9 . There are two spots associated with each brachytherapy seed. These are ion exchange resin beads from an ion-exchange column used to concentrate and separate the iodine containing the 125 I during the preparation procedure. Some x-ray leakage through joints between the hexagonal elements in the collimator is also evident. Profiles through image spots are shown in the insets.
Another image was taken with a z = 20 mm gap between the seed and collimator to model the effect of a buried, not surface, source. A profile through the image is shown in Fig.   10 . As expected from Eq. ͑37͒, the SBR is higher for Fig. 10 than for Fig. 9 , since background from scatter penetrating the collimator decreases with distance squared.
By the time the image used for Fig. 10 was made, the seeds had become quite weak and long exposures were required. A new set of seeds was obtained. Although it was not anticipated, these seeds were different from the first set studied. An image from the second set of seeds is shown in Fig.  11 . Instead of two, there were five 0.6 mm-diameter ionexchange resin beads in each seed. In addition, the images of each ion-exchange resin beads show a ring structure. This shows that the 125 I is on or near the surface of the ionexchange resin bead instead of being more equally distributed throughout the volume of the bead as was apparently the case for the first set of seeds. 
IV.C. Resolution
For all the seed profile data, the rising edges of the intensity distributions can be fit with a sigmoidal curve with a derivative width of ϳ0.1Ϯ 0.05 mm, i.e., limited by the 50 m pixel size of the image plate system to around 0.1 mm. Using the deconvolution technique, as shown in Fig. 12 , produced similar results. The expected collimator resolution from Eq. ͑7͒ for z =18 mm is 73 m. Added in quadrature to a 50 m pixel size gives an expected value of 89 m. The measured resolution was 0.07Ϯ 0.04 mm. Again, measurement of the resolution is limited by the image plate pixel size, but is in reasonable agreement with Eq. ͑7͒. Better measurements could be made with detectors with smaller pixels or with a converging collimator to provide magnification. 15, 16 
IV.D. Measured and calculated SBR
The measured signal-to-background ratios for the second set of seed images are listed in Table III . The calculated SBR from Eqs. ͑3͒, ͑29͒, and ͑37͒-͑39͒ are also listed and show fair agreement. Table III shows that for a fixed phantom thickness, the SBR increases with increasing source-to-optic distance. This is due to the decrease in the penetration intensity, which is inversely proportional to the square of the distance. Most of the background for this collimator was due to inadequate wall thickness to stop penetration. The limiting SBR for a collimator with no penetration is shown in the right-most column. The bottom row shows a hypothetical case in which the source to collimator distance has been increased to decrease penetration. The measured and calculated SBRs decrease with increasing phantom thickness because of the scattering in the phantom.
V. CONCLUSION
Measurements made with a 20-mm-thick, 30-mm-wide lead glass polycapillary parallel hole collimator and a computed radiography plate demonstrated the ability to image features of individual ion exchange beads within 125 I brachytherapy seeds even in the presence of 30 mm of tissueequivalent scatter material. The polycapillary collimator produced very high resolution images, limited by the 50 m pixel size of the detector.
Simple modifications were made to the usual geometrical calculations to take into account the reflective walls of the capillaries and the presence of penetrating radiation. Calculations using these models were in good agreement with measured signal-to-background ratios and count rates. For the collimator tested, most of the background arose from inadequate stopping power of the septa, which allowed penetration. A longer collimator or one with thicker septa is recommended for further testing and comparison to existing micro-␥ cameras. In addition, simulation studies incorporating broader source distributions and multiple energy ␥ sources would help to clarify the potential applications for this system.
Feasibility was demonstrated for the potential use of radiographic detectors with no energy sensitivity coupled to extremely high resolution collimators for microscintigraphy. The high resolution collimator/radiographic detector system is significantly more compact than typical ␥ camera systems. The calculations and measurements showed that for highly heterogeneous radiation distributions high signal-tobackground ratios could be achieved by using the high resolution to "dilute" the scatter background without energy discrimination.
TABLE III. Measured and calculated signal-to-background ratios for the radioactive seed images. ⌳ is the phantom thickness and z the source-tocollimator distance. The ideal SBR is for a collimator which provides adequate stopping power, but with no energy discrimination. 
